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Streamwise vortices and the associated streaks evolve in boundary layers over flat or
concave surfaces as a result of various disturbances initiated in the upstream or from the
wall surface. Following the transient growth phase, the fully-developed vortex structures
become susceptible to inviscid secondary instabilities resulting in early transition to tur-
bulence via bursting processes. In the incompressible regime, a vast body of work has
been devoted to understand the initiation and development of these streaks, as well as
the conditions under which they undergo secondary instabilities. For high-speed boundary
layers, on the other hand, additional complications due to the compressibility and thermal
effects arise, the level of contribution of which scales with the Mach number. In this pa-
per, we study streaks in high-speed boundary layers via the numerical solution to the full
nonlinear boundary region equations, which is the high Reynolds number asymptotic form
of the Navier-Stokes equations, under the assumption that the streamwise wavenumber
of the disturbances is much smaller than the wavenumbers associated with the crossflow
directions, commensurate with long streamwise wavelength of the primary vortex distur-
bance. The effect of the spanwise separation of the vortices and the Mach number, which
is varied between high-subsonic (M = 0.8) to low-hypersonic (M = 6) regimes, is quantified
and discussed.
I. Introduction
Streaks formation in pre-transitional boundary layer flows over flat or curved surfaces occur when the
height of roughness elements exceeds a certain critical value (e.g., Choudhari & Fischer,2 White,41 White
et al.,42 Goldstein et al.,6–8 or Wu & Choudhari43), or the amplitude of the free-stream disturbances is
greater than a given threshold (e.g., Kendall,16 Westin et al.,40 Matsubara & Alfredsson,25 Leib et al.,18
Zaki & Durbin,47 Goldstein & Sescu,9 or Ricco et al.29). The stream-wise component of velocity exhibit
elongated ’streaky’ features, characterized by adjacent regions of acceleration (high-speed) and deceleration
(low-speed) of fluid particles (e.g., Kendall,16 Matsubara & Alfredsson,25 or Landahl17). Elongated streaks
in the form of stream-wise (Görtler) vortices also appear inside a boundary layer flow along a concave
surface due to the imbalance between radial pressure gradients posed by the wall, and centrifugal forces
(e.g., Gortler,10 Hall,12–14 Swearingen & Blackwelder,37 Malik & Hussaini,23 Saric,32 Li & Malik,19 Boiko
et al.,1 Wu et al.,44 or Sescu et al.,34,35 Ren & Fu,27 Dempsey et al.,3 Xu et al.45). For highly curved
walls, for example, vortex formation occurs more rapidly and can significantly alter the mean flow causing
the laminar flow to breakdown into turbulence. Under certain conditions, however, Görtler vortices can be
efficient precursors to transition: i.e., they consist of counter-rotating streamwise vortices that grow at a
certain rate, depending on the surface curvature and the receptivity of the boundary layer to environmental
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disturbances and surface imperfections. In boundary layers over surfaces having small to medium curvature,
these vortices can significantly alter the mean flow and cause the laminar flow to breakdown.
It was recognized in many studies that boundary layer streaks are important in the path of transition
to turbulence in a laminar flow. Many previous studies and results indicated that it is the transient part
of the disturbance that dominates the growth of streaks or other three-dimensional disturbances that lead
to breakdown, so any effective method of control must focus on restricting the development of the transient
modes.
In the compressible regime, streak development under different scenarios, such as bypass transition or
flows over concave surfaces, remains largely unexplored. A number of experiments have been conducted to
establish the gross correlation between the transition Reynolds number and freestream turbulence (FST)
level. They showed that the transition position shifts significantly depending on both FST level (Dryden,4
Schneider36) and surface roughness (e.g. Pate26). However, there exist only a few investigations of the
detailed physics underlying such correlation. The experiments of Kendall15 provide much information con-
cerning supersonic boundary-layer transition under the influence of high level of FST. A salient feature is
that fluctuations over a wide frequency range undergo substantial growth within the boundary layer. Suffi-
ciently downstream, a spectral peak emerges, which corresponds to the Mack-I mode in the low-Mach-number
supersonic range (M < 4.5) (Mack22). For higher Mach numbers, a secondary, less pronounced peak repre-
senting the Mack-II instability was observed to appear. These results indicate that some kind of receptivity
mechanism operates to generate instability waves in a nominally flat plate. Ricco & Wu29 extended the
incompressible analysis by Leib et al.18 to the compressible case and explained the formation and growth
of thermal streaks, which are thought to play a significant role in the secondary instability process. Ricco,
Tran & Ye31 and Ricco, Shah & Hicks30 further studied the influence of wall heat transfer and wall suction,
respectively, on the thermal streaks.
The focus of the present paper is on the investigation of streamwise vortices and the associated streaks
that develop in high-speed boundary layers over concave surfaces by using the full nonlinear boundary region
equations. The latter set of equations form the high Reynolds number asymptotic limit of the Navier-Stokes
equations under the assumption that the streamwise wavenumber of the disturbances is much smaller than
the wavenumbers associated with the crossflow directions as in the incompressible case. This set of equations
is parabolic in the streamwise direction, allowing for a straightforward marching procedure to be applied
along the streamwise direction. To this end, upstream or initial conditions have to be imposed to start the
calculation, which is accomplished via a set of initial conditions that were previously derived by Ricco.28
Since a concave wall is considered in the analysis, the disturbances take the form of Görtler instabilities,
featuring counter rotating pairs of vortices and associated streaks that resemble mushroom shapes in contours
of streamwise velocity plotted in crossflow sections. We analyze and quantify the evolution of these streaks
via contour plots of temperature in crossflow planes, as well as vortex energy, wall shear stress, or wall heat
flow distributions versus the streamwise coordinate.
In section II, the mathematical model is introduced and described. Here we discuss the scalings of
various independent or dependent variables, the appropriate initial and boundary conditions, as well as the
numerical algorithm. In section III, results for various freestream Mach numbers and spanwise separation,
in high-subsonic, supersonic and low-hypersonic regimes are reported and discussed. Concluding remarks
are included in the last section IV.
II. Problem formulation and numerical algorithm
We consider a compressible flow of uniform velocity V ∗∞ and temperature T ∗∞ past a flat or curved surface.
The air is treated as a perfect gas such that the sound speed in the free-stream c∗∞ =
√
γRT ∗∞, where γ =
1.4 is the ratio of the specific heats, and R = 287.05Nm/(kgK) is the universal gas constant; Mach number
is assumed to be of order one. The flow is divided into four regions as in Leib et al.,18 Ricco & Wu29 or
Marensi et al.24 (see figure 1):
• Region I is in proximity to the the leading edge, outside of the boundary layer, where the flow is
assumed inviscid and the disturbances are treated as small perturbations of the base flow.
• Region II is the boundary layer in the vicinity of the leading edge, with the thickness much smaller than
the spanwise separation associated with the freestream disturbances. In this region, the disturbances
are governed by the linearized boundary region equations, and the diffusion in the spanwise direction
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is in the same order of magnitude as that in the wall-normal direction.
• Region III is the viscous region that follows in the downstream of region II; here, the boundary layer
thickness is in the same order of magnitude as the spanwise separation. The flow is governed by the
boundary-region equations, which are obtained from the full Navier-Stokes equations by neglecting the
streamwise pressure-gradient and the streamwise viscous diffusion.
• Region IV is above region III, and the flow is assumed again inviscid since the viscous effects are
negligible. In this region, the flow is influenced at leading order by the displacement effect due to the
increased thickness of the viscous layer underneath.
Figure 1. Fhe flow domains illustrating the asymptotic structure (Leib et al.18).
The focus in this paper is on region III, where the streamwise wavenumber of disturbances are expected
to be small and the flow is governed by the compressible boundary region equations.
A. Scalings
All dimensional spatial coordinates (x∗, y∗, z∗) are normalized by the spanwise separation λ∗ of the distur-
bances, while the dependent variables by their respective freestream values. The pressure field is normalized
by the dynamic pressure as follows
t¯ =
t∗
λ∗/V ∗∞
; x¯ =
x∗
λ∗
; y¯ =
y∗
λ∗
; z¯ =
z∗
λ∗
(1)
u¯ =
u∗
V ∗∞
; v¯ =
v∗
V ∗∞
; w¯ =
w∗
V ∗∞
; ρ¯ =
ρ∗
ρ∗∞
(2)
p¯ =
p∗ − p∗∞
ρ∗∞V ∗2∞
; T¯ =
T ∗
T ∗∞
; µ¯ =
µ∗
µ∗∞
; k¯ =
k∗
k∗∞
(3)
where λ∗ is the spanwise wavelength of the disturbances, (u∗, v∗, w∗) are the velocity components, ρ∗ the
density, p∗ is pressure, T ∗ temperature, µ∗ dynamic viscosity, k∗ thermal conductivity and all quantities
with ∞ at the subscript represent conditions at infinity.
Reynolds number based on the spanwise separation, Mach number and Prandtl number are defined as
Rλ =
ρ∗∞V
∗
∞λ
∗
µ∗∞
, Ma =
V ∗∞
a∗∞
, P r =
µ∗∞Cp
k∗∞
(4)
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where µ∗∞, a∗∞ and k∗∞ are freestream dynamic viscosity, speed of sound and thermal conductivity, respec-
tively, and Cp is the specific heat at constant pressure. For boundary layer flows over curved surfaces, we
define the global Görtler number as
Gλ =
R2λλ
∗
r∗
(5)
where r∗ is the radius of the curvature.
B. Boundary-region equations
For a full compressible flow, the primitive form of the Navier-Stokes equations in non-dimensional variables
are considered here in the form
Dρ¯
Dt
+ ρ
(
∂u¯
∂x¯
+
∂v¯
∂y¯
+
∂w¯
∂z¯
)
= 0 (6)
ρ¯
Du¯
Dt¯
= −∂p¯
∂x¯
+
1
Reλ
∂
∂x¯
[
2
3
µ
(
2
∂u¯
∂x¯
− ∂v¯
∂y¯
− ∂w¯
∂z¯
)]
+
∂
∂y¯
[
µ
(
∂u¯
∂y¯
+
∂v¯
∂x¯
)]
+
∂
∂z¯
[
µ
(
∂w¯
∂x¯
+
∂u¯
∂z¯
)]
(7)
ρ¯
Dv¯
Dt¯
= −∂p¯
∂y¯
+
1
Reλ
∂
∂y¯
[
2
3
µ
(
2
∂v¯
∂y¯
− ∂u¯
∂x¯
− ∂w¯
∂z¯
)]
+
∂
∂x¯
[
µ
(
∂v¯
∂x¯
+
∂u¯
∂y¯
)]
+
∂
∂z¯
[
µ
(
∂v¯
∂z¯
+
∂w¯
∂y¯
)]
(8)
ρ¯
Dw¯
Dt¯
= −∂p¯
∂z¯
+
1
Reλ
∂
∂z¯
[
2
3
µ
(
2
∂w¯
∂z¯
− ∂u¯
∂x¯
− ∂v¯
∂y¯
)]
+
∂
∂x¯
[
µ
(
∂w¯
∂x¯
+
∂u¯
∂z¯
)]
+
∂
∂y¯
[
µ
(
∂v¯
∂z¯
+
∂w¯
∂y¯
)]
(9)
ρ¯
DT¯
Dt¯
=
1
PrReλ
[
∂
∂x¯
(
k
∂T¯
∂x¯
)
+
∂
∂y¯
(
k
∂T¯
∂y¯
)
+
∂
∂z¯
(
k
∂T¯
∂z¯
)]
− (γ − 1)M2∞
[
p
(
∂u¯
∂x¯
+
∂v¯
∂y¯
+
∂w¯
∂z¯
)
− 2
3
µ
(
∂u¯
∂x¯
+
∂v¯
∂y¯
+
∂w¯
∂z¯
)2]
(10)
+ (γ − 1)M2∞
µ
Reλ
[
2
(
∂u¯
∂x¯
)2
+ 2
(
∂v¯
∂y¯
)2
+ 2
(
∂w¯
∂z¯
)2
+
(
∂u¯
∂y¯
+
∂v¯
∂x¯
)2
+
(
∂w¯
∂x¯
+
∂u¯
∂z¯
)2
+
(
∂v¯
∂z¯
+
∂w¯
∂y¯
)2]
where
D
Dt¯
=
∂
∂t¯
+ u¯
∂
∂x¯
+ v¯
∂
∂y¯
+ w¯
∂
∂z¯
(11)
is the substantial derivative. The pressure p, the temperature T and the density of the fluid are combined
in the equation of state in non-dimensional form, p¯ = ρ¯T¯ /γM2∞, assuming that non-chemically-reacting
flows are considered. Other notations include the dynamic viscosity µ, Reynolds number Re = ρ∞V ∗∞λ∗/µ
based on a characteristic velocity V ∗∞, and the spanwise separation λ∗, and the free-stream Mach number
M∞ = V ∗∞/a
∗
∞. The dynamic viscosity and thermal conductivity k is linked to the temperature using the
power law in dimensionless form,
µ = T b; k =
Cpµ
Pr
(12)
where b = 0.76, Cp = γR/(γ − 1), γ = 1.4, and Pr = 0.72 for air.
4 of 14
American Institute of Aeronautics and Astronautics
Region III is where x/Rλ = O(1), which implies that the streamwise ellipticity is weak and negligible (see
Ricco & Wu,29 Ricco,28 or Marensi et al.24). The compressible boundary region equations can be derived
from the full compressible Navier-Stokes equations. Based in the above assumption, the streamwise distance
can be scaled as x = x¯/Rλ while the other two are the same y = y¯, z = z¯, and the time as t = t¯/Rλ. Also,
the crossflow components of velocity are expected to be small compared to the streamwise component, and
variations of pressure are expected to be small. This suggest the introduction of the scaling of dependent
variables as:
u = u¯; v = v¯/Rλ; w = w¯/Rλ; ρ = ρ¯; p = p¯/R
2
λ; T = T¯ ; µ = µ¯; k = k¯; (13)
Inserting (24) into the full Navier-Stokes equations, and performing on order-of-magnitude analysis, the
nonlinear compressible boundary region equations are obtained in the form
Dρ
Dt
+ ρ∇ · ~V = 0
ρ
Du
Dt
= ∇c · (µ∇cu)
ρ
Dv
Dt
= −∂p
∂y
+
∂
∂y
[
2
3
µ
(
3
∂v
∂y
−∇ · ~V
)]
+
∂
∂x
(
µ
∂u
∂y
)
+
∂
∂z
[
µ
(
∂v
∂z
+
∂w
∂y
)]
−Gλu2 (14)
ρ
Dw
Dt
= −∂p
∂z
+
∂
∂z
[
2
3
µ
(
3
∂w
∂z
−∇ · ~V
)]
+
∂
∂x
(
µ
∂u
∂z
)
+
∂
∂y
[
µ
(
∂v
∂z
+
∂w
∂y
)]
ρ
DT
Dt
=
1
Pr
∇c · (k∇cT ) + (γ − 1)M2∞µ
[(
∂u
∂y
)2
+
(
∂u
∂z
)2]
where ∇c is the crossflow nabla operator:
∇c = ∂
∂y
~j +
∂
∂z
~k (15)
and Gλu2 is the term that accounts for the curvature.
This set of equations is parabolic in the streamwise direction and elliptic in the spanwise direction.
Appropriate initial/upstream and boundary conditions are necessary to close the problem; these conditions
are the same as those used by Ricco & Wu29 (see also Ricco28).
u = 2xU0 + (2x)
3/2U1
v = V0 + (2x)
1/2V1 +
i
(κ2 − i|κ|)(2x)1/2
[
eiκ2(2x)
1/2η−(κ2+κ22)x − e−|κ|(2x)1/2η
]
−
[
Vc − 1
2
g1|κ|(2x)1/2
]
e−|κ|(2x)
1/2η − vc
w = W0 + (2x)
1/2W1 +
i
κ2 − i|κ|κ2
[
eiκ2(2x)
1/2η−(κ2+κ22)x − i|κ|e−|κ|(2x)1/2η
]
− Vc|κ|(2x)1/2e−|κ|(2x)1/2η − wc (16)
T = 2xT0 + (2x)
3/2T1
p =
P0
(2x)1/2
+ P1 +
[
g1 − Vc|κ|(2x)1/2
]
e−|κ|(2x)
1/2η − pc
where κ2 = k2(k1Reλ)1/2 , κ =
k3
(k1Reλ)1/2
, and (k1, k2, k3) are the components of the wavenumber vector of the
disturbance. The equations for Un, Vn, Wn, Tn, and Pn, n = 1, 2, as well as for Vc, g1, vc, wc and pc are
given in Appendix D of Ricco 2007. For small amplitude disturbances we can use the conditions for velocity
and pressure from the incompressible boundary region equations (Goldstein et al.6 or Sescu & Thompson35)
The nonlinear compressible boundary equations were numerically solved using an algorithm similar to
the one used in Sescu & Thompson,35 but adapted to the compressible regime.
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III. Results and Discussion
Numerical simulations of the nonlinear boundary region equations (14), for Mach number ranging from
0.8 and 6, are carried out. Since there are no obstructions in the flow no shock waves are generated (this has
been previously considered in several studies; see, for example, Li et al.20 or Ren & Fu27), while the mean
inflow condition is generated from the similarity solution, which is obtained by means of the Dorodnitsyn-
Howarth coordinate transformation
Y¯ (x, y) =
ˆ y
0
ρ(x, y˜)dy˜ (17)
A similarity variable is defined as
η = Y¯
(
Rex
2x
)1/2
, (18)
where Rex is the Reynolds number based on the distance from the leading edge, and the base velocity and
temperature can be expressed as
U = F ′(η), V = (2xRex)−1/2(ηcTF ′ − TF ), T = T (η) (19)
where prime represents differentiation with respect to η, and ηc = 1/T
´ η
0
T (η˜)dη˜. F and T satisfy the
following coupled equations
(µ
T
F ′′
)′
+ FF ′′ = 0,
1
Pr
(µ
T
T ′
)′
+ FT ′ + (γ − 1)M2 µ
T
F ′′2 = 0, (20)
satisfying the boundary conditions
F (0) = F ′(0) = 0, T ′(0) = 0, F ′ → 1, T → 1→ as→ η →∞ (21)
The dependence of the viscosity on the temperature is assumed to be described by the power law,
µ = T b, b = 0.76 (22)
Equations (20) were solved by a shooting method for both adiabatic and isothermal conditions. Figure 2
shows this solution for Mach number equal to 3, and for both isothermal and adiabatic wall conditions.
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5
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20
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b)
Figure 2. Base flow solution.
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Figure 3 shows a sketch of the flow domain, where the region III is in blue.
Figure 3. Flow domain.
Gortler vortices are excited by a small disturbance imposed on the base flow at the inflow boundary. The
Mach number is varied from a high-subsonic value (M = 0.8) to a low hypersonic value (M = 6.0), while
the spanwise separation is varied between 0.3 cm to 0.6 cm. The Reynolds number based on the distance
from the leading edge, used to calculate the similarity solution that is imposed at the upstream boundary,
is maintained constant for all cases (of course, this implies that the Reynolds number based on the spanwise
separation is not the same). The radius of curvature of the concave surface is 2 m far all cases.
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Figure 4. Contour plots of temperature in crossflow planes for different Mach numbers and spanwise separations
(adiabatic wall condition).
In figures 4 and 5, we show contour plots of temperature in a certain cross-stream plane (right after the
energy saturation point), for all Mach numbers and spanwise separations, where the same disturbances am-
plitude (relative to the free stream velocity) has been imposed at the inflow boundary. Figure 4 corresponds
to the adiabatic wall condition, where it is noticed that there is a high increase of the wall temperature,
especially for the highest Mach number. The variation of the spanwise separation is along the horizontal
direction, while Mach number is varied along the vertical direction. Looking at the smallest Mach number,
M = 0.8, in the first row of figure 4, it can be observed that as the spanwise separation is increased the
mushroom shapes becomes smaller relative to the spanwise separation (the distance between the mushroom
shapes increases). Looking at the last row of contour plots in figure 4, we noticed that as the spanwise sepa-
ration is increased the mushroom shapes are fuller and less localized. The mushroom shapes corresponding
to the isothermal wall condition in figure 5 has altered the morphology in that for the highest Mach number
the vortices are more localized; in fact, the contours of all Mach numbers seem to have the same spanwise
separation. This would suggest that the high increase of the temperature in proximity to the wall (under
adiabatic condition) makes the mushroom shapes fuller.
8 of 14
American Institute of Aeronautics and Astronautics
Figure 5. Contour plots of temperature in crossflow planes for different Mach numbers and spanwise separations
(isothermal wall condition).
We quantify the vortex energy as
E(x) =
z2ˆ
z1
∞ˆ
0
[
|u(x, y, z)− um(x, y)|2 + |v(x, y, z)− vm(x, y)|2 + |w(x, y, z)− wm(x, y)|2
]
dzdy, (23)
where um(x, y), vm(x, y), and wm(x, y) are the spanwise mean components of velocity, and z1 and z2 are the
coordinates of the boundaries in the spanwise direction.
In figure 6, the vortex energy distribution versus the streamwise coordinate x is plotted for all spanwise
separation and Mach numbers. A reduction of the scaled energy is obtained as the spanwise separation is
increased for both the isothermal (in black) and adiabatic (in red) wall conditions, and for all Mach numbers;
the energy saturation location moves downstream as the spanwise separation is increased. The energy level
corresponding to the adiabatic condition is slightly lower for the smallest Mach number (figure 6a), but it
becomes higher as the Mach number is increased, while the saturation location moves further downstream.
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a) b)
c) d)
Figure 6. Vortex energy distribution along the streamwise direction: a) M = 0.8; a) M = 2.0; a) M = 4.0; a)
M = 6.0.
The spanwise averaged wall shear stress is calculated according to
τw(x) =
1
(z2 − z1)
z2ˆ
z1
∂u
∂y
∣∣∣∣
y=0
(x, 0, z)dz, (24)
where we take the derivative of the streamwise velocity with respect to the wall-normal direction at the wall.
In figure 7, the spanwise averaged wall shear stress is plotted against the streamwise coordinate in both
isothermal and adiabatic conditions. In all cases, the wall shear stress increases as the spanwise separation
increases, and - as expected - the wall shear stress is smaller for the adiabatic condition, as a result of the
high level of heating in proximity to the wall. There is also an jump of the wall shear stress approximately
at the streamwise location corresponding to the energy saturation initiation.
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a) b)
c) d)
Figure 7. Spanwise averaged wall shear stress distribution along the streamwise direction: a) M = 0.8; a)
M = 2.0; a) M = 4.0; a) M = 6.0.
Finally, we quantify the spanwise averaged wall heat flux according to
qw(x) = − 1
(z2 − z1)
z2ˆ
z1
∂T
∂y
∣∣∣∣
y=0
(x, 0, z)dz. (25)
The results for the isothermal wall (note that under the adiabatic wall condition the wall heat flux is zero)
are included in figure 8. The wall heat flux shows a decrease as the spanwise separation is increased; there
is also a decay of the wall heat flux in the streamwise coordinate range where the energy saturation occurs.
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a) b)
c) d)
Figure 8. Spanwise averaged wall heat flux distribution along the streamwise direction: a) M = 0.8; a) M = 2.0;
a) M = 4.0; a) M = 6.0.
IV. Conclusions
We studied Gortler vortices that develop in high-speed boundary layer flows over concave surfaces, by
using the numerical solution to the compressible nonlinear boundary region equations. We targeted the
nonlinear development of these centrifugal instabilities, by varying the spanwise separation that characterizes
the upstream disturbance (and dictate the spanwise separation of the downstream Gortler vortices) and the
Mach number.
A range of spanwise separations was considered, and the Mach number covered a high-subsonic, two
supersonic, and a low-hypersonic cases. Contours of temperature in crossflow planes at a certain streamwise
location showed that, for the smallest Mach number, M = 0.8, in the adiabatic condition, as the spanwise
separation is increased and that the mushroom shapes become smaller relative to the spanwise separation
(the distance between the mushroom shapes increases). For the highest Mach number, as the spanwise
separation was increased the mushroom shapes become fuller and less localized. The mushroom shapes
corresponding to the isothermal wall condition in figure 5 showed that for the highest Mach number the
vortices are more localized.
The kinetic energy of the instabilities was calculated an plotted against the streamwise coordinate. It
was observed that as the spanwise separation is increased, the scaled kinetic energy maximum increases,
and that the streamwise location, where the energy saturation sets in, moves downstream as the spanwise
separation is increased. We also calculated the wall shear stress and the wall heat flux, and observed that the
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wall shear stress increases as the spanwise separation increases, and - as expected - the wall shear stress is
smaller for the adiabatic condition, as a result of the high level of heating in proximity to the wall. There was
also an jump of the wall shear stress approximately at the streamwise location corresponding to the energy
saturation initiation. The results in terms of the wall heat flux for the isothermal wall showed a decrease
as the spanwise separation is increased; there was also a decay of the wall heat flux in at the streamwise
location corresponding to where the energy saturation is initiated.
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